ABSTRACT BALISH, EDWARD (Argonne National Laboratory, Argonne, Ill.), AND STANLEY K. SHAPIRO. Cystathionine as a precursor of methionine in Escherichai coli and Aerobacter aerogenes. J. Bacteriol. 92:1331Bacteriol. 92: -1336Bacteriol. 92: . 1966.-Cystathionine has been shown to be a precursor of methionine biosynthesis in Escherichia coli and Aerobacter aerogenes. A double enzyme assay was developed to show the formation of homocysteine from cystathionine. The results obtained support the concept that cystathionine serves as a precursor of methionine via the intermediate formation of homocysteine. The latter compound is methylated by the homocysteine methyltransferase of these microorganisms. Sulfhydryl and keto acid assays were used to demonstrate cystathionase activity. Methionine represses both homocysteine methyltransferase formation and cystathionase formation. However, the presence of methionine in reaction mixtures resulted in product inhibition of homocysteine methyltransferase activity, but not of cystathionase activity.
The thioether, cystathionine, has been implicated as an intermediate in the biosynthesis of methionine in microorganisms. Cystathionine has been found to accumulate in methionine mutants of Aerobacter aerogenes (7) and Neurospora crassa (8) . It has also been demonstrated that cystathionine can satisfy the methionine requirement of some mutant strains of Escherichia coli (9, 21, 25 ; J. S. Gots and W. Y. Koh, Bac- teriol. Proc., p. 134, 1950) , Neurospora (8) , and Salmonella (2). Enzymes have been described in cell-free extracts of Neurospora (2, 3, 5) , yeasts (2) , Salmonella (2) , and E. coli (2, 14, 25) which cleave cystathionine to homocysteine, pyruvate, and ammonia. The biosynthesis of methionine by methylation of the homocysteine derived from cystathionine has been demonstrated with cellfree extracts of E. coli PA 15 by Rowbury and Woods (14) . On the other hand, Roberts et al. (13) found that the addition of unlabeled cystathionine to cultures of E. coli growing in the presence of S35-sulfate did not decrease the level of incorporation of label into methionine, indicating that cystathionine is not an intermediate in methionine biosynthesis. It has also been demonstrated that N. crassa can form homocysteine enzymatically from homoserine and H2S (24) , 'Present address: Oak Ridge Associated Universities, Medical Division, Oak Ridge, Tenn. which implies that cystathionine is not an obligate precursor of homocysteine.
The following report demonstrates the formation of methionine in reaction mixtures with cystathionine as the source of the methyl acceptor for the adenoslymethionine:homocysteine methyltransferase or the methylmethionine:homocysteine methyltransferase of various strains of E. coli and A. aerogenes.
MATERIALS AND MscrHoDs
Organisms. E. coli Texas and E. coli Texas M, a methionine auxotroph, were originally described by McRorie et al. (11) . E. coli K-12 (ATCC 10798), E. coli B (ATCC 11303), and two other methionine auxotrophs, E. coli K-12 W-6 (1) and E. coli 113-3 (ATCC 11105), as well as various strains of A. aerogenes (16) , were also employed in these studies. Saccharomyces cerevisiae was used to prepare yeast methyltransferase (18) .
Compounds. Commercial L-methionine-C14HH was used to prepare the corresponding labeled sulfonium compounds. Adenosylmethionine was isolated from yeast cells by the procedure of Shapiro and Ehninger (19) . Methylmethionine was synthesized according to the method of Toennies and Kolb (23 After the initial incubation period, the bacterial enzyme was inactivated by heating at 70 C for 10 min, and the denatured bacterial protein was removed by centrifugation. A sample of 0.5 ml of the supernatant fluid was added to tubes containing 4 s;moles of methylmethionine-Cl4H3 and purified yeast methyltransferase (2 to 5 mg of protein) in 0.5 ml of 0.05 M phosphate buffer (pH 7.0). A similar quantity of methylmethionine-C04H3 was also added to the remaining 0.7 ml of the heat-inactivated reaction mixture as a control. Further control tubes consisted of yeast enzyme plus cystathionine, and cystathionine alone. After 2 hr of incubation at 37 C, the reaction mixtures were analyzed for methionine-C'4Ha by the ion-exchange procedure outlined previously.
Sulfhydryl and keto acid assays. Sulfhydryl production from cystathionine was estimated by use of an aromatic disulfide, 5, 5'-dithiobis-(2-nitrobenzoic acid), and then measuring the amount of colored aryl mercaptan formed (4) . Keto acids were estimated by use of the methods of Friedeman and Haugen (6) .
Chromatography and high-voltage electrophoresis. Whatman no. 1 paper and Eastman Chromagram sheets were employed for ascending chromatography of Dowex 50 eluates and reaction mixtures which had been deproteinized by adding 0.01 ml of glacial acetic acid per reaction mixture. Solvent systems of butanolacetic acid-water (60:15:25, v/v) and ethyl alcoholacetic acid-water (64:1:35, v/v) were employed to identify methionine. Amino acids were detected with a spray of 0.25% ninhydrin in acetone containing 1% acetic acid. Pyruvate was identified by the method of Metzler and Snell (12) .
High-voltage paper electrophoresis was carried out on Whatman 3-mm paper. A running time of 1 hr at 2,500 v and 120 amp with a buffer consisting of 3% formic acid and 12% acetic acid was used to separate methionine, adenosylmethionine, methylmethionine, adenosylhomocysteine, and cystathionine.
Radioactivity was detected on developed chromatograms with an automatic scanning and recording device (W. Eisler, W. Chorney, and W. E. Kisieleski, Abstr. Am. Chem. Soc. Meeting, p. 12C, 1958).
RESULTS
Methionine biosynthesis with cystathionine as the methyl acceptor. The fact that homocysteine is readily methylated to form methionine in the methylmethionine (or adenosylmethionine), homocysteine methyltransferase system of E. coli Texas and E. coli Texas M suggested that this might be a very sensitive means to ascertain whether cystathionine was the immediate precursor of homocysteine in this system. To test this hypothesis, cystathionine was substituted for homocysteine in the reaction mixtures, and the 
H3C-SCH2CH2CH(NH2)COOH + HOCH2CH(NH2)COOH Methionine Serine
No role for homocysteine is postulated in this mechanism.
To determine whether homocysteine is an intermediate in the pathway of methionine biosynthesis from cystathionine, the double enzyme assay described above was employed to detect homocysteine (Table 2 ). In the double enzyme assay, it may be seen that a substantial amount of radioactive methionine was formed after the addition of purified yeast enzyme (18) e Assay for methionine biosynthesis from cystathionine via homocysteine. (14) reported that enzyme extracts prepared from E. coli which had been grown in the presence of methionine had far less cystathionase activity than those grown without methionine. To determine if methionine repressed cystathionase activity in E. coli Texas and E. coli Texas M, 0.5 ,umole of methionine per ml of medium was added to the peptonized milk and the minimal medium. Cell-free extracts prepared from cells grown in the presence of methionine showed a decrease in methionine biosynthesis when cystathionine was the source of the methyl acceptor. The greatest repression of enzyme activity occurred with cell-free extracts prepared from cells grown in the minimial medium supplemented with methionine (Table 4) . Further experiments were carried out to determine whether the effect was due to repression of cystathionase. Table 5 shows that this enzyme was repressed, as indicated by the decrease in activity of the ex- tracts prepared from cells grown in the presence of methionine.
Methionine also inhibited the biosynthesis of methionine, in vitro, with cell-free extracts of E. coli Texas and E. coli Texas M. Figure 1 shows that methionine acted as an inhibitor of methionine biosynthesis when cystathionine was the source of the methyl acceptor. It should be noted that methionine also inhibits homocysteine methyltransferase activity in S. cerevisiae (17) .
However, up to 10 gumoles of methionine in a reaction mixture failed to inhibit the capacity of cell-free extracts of E. coli Texas and Texas M to form suffhydryl from cystathionine. Therefore, the inhibition observed in extracts of E. coli Texas and E. coli Texas M is probably due to inhibition of the homocysteine methyltransferase, rather than to inhibition of the cystathionase.
Enzyme stability. A 70 to 75 % decrease in methionine production from cystathionine oc- curred after the cell-free extracts of E. colt Texas and E. coli Texas M had been stored at -10 C for 1 month (Table 6 ). On the other hand, very little loss of methionine-forming capacity was evident when the same enzyme extracts were used with homocysteine as the methyl acceptor. This indicates that the decrease in methionine biosynthesis was due to a loss of cystathionase activity ( Table  7) . The formation of both sulfhydryl and keto acid were greatly reduced after the enzymes were stored at -10 C for 1 month.
In an effort to stabilize enzyme activity, dithiothreitol was added to the cell-free extracts, but similar losses in activity were observed in these preparations. However, if dithiothreitol (10-3 M) was added to reaction mixtures containing fresh enzyme preparations, it resulted in a 35 % stimulation of methionine production from cystathionine. It should be pointed out that sulfhydryl reagents are known to stimulate homocysteine methyltransferase activity with extracts ofS. cerevisiae (17) . No increase in the production of sulfhydryl from cystathionine was evident when dithiothreitol was added to protect the sulfhydryl group of homocysteine. As a result, the increased formation of methionine from cystathionine in the presence of dithiothreitol is probably due to a stimulation of the homocysteine methyltransferase enzyme and not due to a stimulation of homocysteine production from cystathionine.
DIscussIoN
The implication of cystathionine as an intermediate compound in the biosynthesis of methionine has resulted from several types of investigation. The data in this report give further impetus b A, fresh enzyme preparation; B, activity after 30 days of storage at -10 C.
to the role of cystathionine in methionine biosynthesis. Cystathionine can serve as the source of a methyl acceptor (homocysteine) resulting in the production of methionine by cell-free extracts of E. coli Texas, Texas M, K-12, K-12 W-6, and 113-3. A. aerogenes also has the enzymatic capacity to form methionine from cystathionine via homocysteine. Rowbury and Woods (14) described the formation of methionine from cystathionine with cell-free extracts of E. coli PA 15, and they concluded that cystathionine was first split to homocysteine, which was then methylated to form methionine. These investigators also stated that the final step in the conversion of homocysteine to methionine required serine and a source of the folic acid cofactor system (tetrahydropteroylglutamate and cobalamin). The methylation of homocysteine in the current study involves a direct transfer of a methyl group from adenosylmethionine or methylmethionine to homocysteine. This gives rise to the possibility that different systems exist for the terminal step in methionine biosynthesis.
